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Immunocytochemistry performed on paraffin or cryosections
is often hampered by poor morphology. Epoxy sections, in
contrast, generally retain well-preserved tissue architecture.
Immunocytochemistry, however, on epoxy-embedded
sections is difficult due in part to the plastic itself and to the
fixation conditions. Here, we present a technique for
visualization of membrane proteins by immunocytochemistry
on epoxy sections of kidneys fixed with glutaraldehyde
without or with osmium post-fixation. Semithin sections were
obtained from Epon 812-embedded mouse and rat kidney
blocks. Before immunoperoxidase or immunofluorescence
labeling, the sections were etched with the epoxy solvent,
methanolic potassium hydroxide, followed by antigen
retrieval using microwave heating. The sections were then
treated with the primary antibody followed by secondary
antibodies as usual. The distribution and expression patterns
of a variety of membrane proteins, such as aquaporin
(AQP)-1, AQP-2, and megalin, were identical to those
observed by traditional immunocytochemical procedures on
paraffin or cryosections. The advantages of our novel
method include not only enhanced morphological quality
but also the feasibility for investigators to visualize
antigens of interest using archival specimens in Epon blocks.
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Epon-embedded sections of aldehyde fixed tissue exhibit
well-preserved tissue morphology but weak tissue antigeni-
city as aldehyde fixatives cross-link with the tissue antigens
and as the epoxy resin mask the antigens with covalent
bonds.1 Therefore, efforts have been made to improve
immunolabeling on epoxy sections by etching the epoxy
resin with different alkali solutions2–4 and by retrieving the
antigenicity by heating the sections with various salt
solutions.5 Different variations of the technique have also
been applied in several renal studies.6–8 Obviously, the
application of a given solution to Epon-embedded sections
has its limitations, as the required solution may profoundly
influence the molecular and spatial structure of the antigen,
the fixation, the epoxy resin components, and so on.
Consequently, improving immunostaining on epoxy sections
has long been a difficult task for morphologists and
pathologists.
To preserve the tissue and its morphology, it is normally
treated with aldehyde fixatives such as formaldehyde or
glutaraldehyde and post-fixatives such as OsO4. However,
these fixatives all limit the application of immunostaining.
Immunocytochemistry is of paramount importance for the
study of kidney physiology and morphology, which is
illustrated in the present study where we investigate a variety
of renal receptors, ion transporters, and water channels that
all play crucial roles for kidney physiology.
The present study presents a novel improvement of
conventional immunocytochemical techniques, combining
and modifying different aspects of removal of epon and
antigen retrieval. This enables the visualization of several
important membrane proteins in renal epithelial cells, while
preserving the tissue structure optimally by use of epoxy
sections. The demonstration of aquaporin (AQP)-1 in
cortical lymphatics and identification of tubular segmenta-
tion illustrate the superiority of this technique.
RESULTS
The light microscopic immunoreactivities of the antibodies
against megalin, cubilin, AQP-1, AQP-2, Na-Cl co-
transporter (NCC), and V-ATPase exhibit tubular and
cellular-specific labeling on epoxy sections through the kidney.
Compared with paraffin sections, these etched and antigen-
retrieved sections simultaneously revealed a well-preserved
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morphology, which made the different renal tubule and cell
components easily distinguishable.
Immunoperoxidase staining
Expression of megalin and cubilin. Polyclonal sheep anti-
rat megalin and rabbit anti-rat cubilin antibodies identified
the localizations of megalin and cubilin to the apical part of
the proximal tubule cells, including the brush border and the
apical cytoplasm corresponding to the endocytic apparatus
(Figure 1a and b). In general, the intensity of the labeling of
these receptors in the tubular segments was similar to what
can be obtained using paraffin or cryosections.9 However, the
well-preserved morphology of the cells makes it easy to
identify differences in the subcellular structures along the
proximal tubule. Figure 1c and d demonstrate the expression
of megalin in proximal tubules from Epon blocks stored for
more than 20 years from rat kidneys fixed with glutaralde-
hyde with or without osmication.
Expression of AQP-1, AQP-2, NCC, and Hþ -ATPase. The
water channel AQP-1 was expressed intensively on the apical
and to some extent the baso-lateral membrane along the
proximal tubule (Figure 2a). There was a clear and distinct
variation of the staining intensity of the proximal tubule
brush border. The staining intensity of the brush border was
lowest in the initial part of the proximal tubule, especially in
the proximal tubule cells that form part of Bowmann’s
capsule (Figure 2a). The pattern and the intensity of the
labeling of the apical part of the epithelium were similar to
that of the paraffin sections (Figure 2b). In addition, owing
to the high quality of tissue preservation, labeling of
lymphatic vessels was easily identified with the present
method (Figure 2a and c) (see also below Immunofluore-
scence Staining). Furthermore, labeling was seen in the
erythrocyte plasma membrane (Figure 2a), in descending
thin limbs of Henle’s loop (Figure 2d), and in descending
vasa recta (Figure 2e). The descending thin limbs expressing
AQP-1 were identified by the well-defined tubule transition
from the proximal straight tubules to the descending thin
limbs in the region between the vascular bundles (Figure 2d).
However, it was difficult to distinguish the thin-walled tubule
cross-sections of the descending thin limbs located in the
vascular bundles from descending vasa recta expressing AQP-1
(see Discussion and Figure 2d and e). AQP-2 was expressed
in principal cells located in either connecting tubules or
cortical (Figure 2f) and medullary collecting ducts. As
described above, the quality of the tissue preservation greatly
enhanced the possibility for segment and cell identification.
NCC is expressed on the apical membrane of distal
convoluted tubule epithelial cells (Figure 2g). The mono-
clonal antibody E11 identified the vacuolar Hþ -ATPase on
the apical membrane and apical cytoplasmic part of the
intercalated cells in cortical collecting ducts (Figure 2h).
However, with this antibody using the present technique, we
were only able to find sporadic labeling of apical endosomes
in the proximal tubule cells where the Hþ -ATPase is
otherwise known to be present.
Immunofluorescence staining
Expression of megalin and cubilin. Megalin and cubilin
were expressed by immunofluorescent labeling in the apical
endocytic apparatus of the proximal tubule cells, starting at
the initial proximal tubules, including the proximal tubule
cells constituting the visceral epithelium of the renal
corpuscle urinary pole (Figure 3a and b). The labeling
pattern is similar to that of paraffin sections but with distinct
better tissue preservation.
Expression of AQP-1, AQP-2, and LYVE-1. Figure 3c shows
the proximal tubular expression of AQP-1 at the brush
border and the basolateral membrane. Figure 3d illustrates
the labeling of principal cells for AQP-2 of a cortical
collecting duct. The non-labeled cells most probably
represent the intercalated cells.
To confirm the expression of AQP-1 in the lymphatic
vessels in the renal cortex, double fluorescent labeling with
the lymphatic vessel endothelial hyoluronan receptor-1
(LYVE-1) antibody was performed on paraffin sections, since
the LYVE-1 antibody did not react on the Epon sections.
Co-labeling for AQP-1 and LYVE-1 was found throughout the
cortex especially around the blood vessels (Figure 3e and f).
Moreover, we were unable to detect any labeling for LYVE-1
in the renal medulla.
DISCUSSION
The present study describes an easy method for visualizing
antigens in Epon-embedded tissue fixed with glutaraldehyde
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Figure 1 | Immunoperoxidase labeling. (a, c, and d) Labeling on
Epon-embedded sections for megalin and (b) cubilin in mouse and
rat renal cortex. (a) The labeling for megalin is restricted to the brush
border and the apical cytoplasm corresponding to the apical
endocytic apparatus of proximal tubules. The arrow indicates the
labeling of the proximal tubule epithelium constituting part of the
parietal epithelium of Bowman’s capsule. The pattern and intensity of
the labeling are nearly the same as those shown from long-stored rat
kidney Epon blocks, (c) osmium post-fixed or (d) non-osmium
post-fixed. (b) The localization of cubilin is similar to that of
megalin, arrows indicate capsular labelling as in panel (a). Original
magnifications:  40 for (a, c, and d) and  20 for (b).
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and post-fixed with OsO4. The advantages of the method are
self-evident, including a much better preservation of the
tissue due to the fixation and embedding.
KOH was used for removing the epoxy resin, as we found
it to be much better than NaOH for this purpose. In general,
we treated the sections for 6 min with KOH. However, it
should be emphasized that the incubation time should be
varied with section thickness and the specific antigen to
optimize labeling. Likewise, the duration and the power-
setting of the microwave oven for antigen retrieval should
also be adjusted for each individual antigen. This is an
important step in the procedure and to our knowledge the
combination of epoxy removal and antigen retrieval by
microwave treatment has not been tested before.
All the antigens tested in the present study are membrane
proteins and for some of the antibodies as, for example, anti-
megalin and -cubilin, the concentration of the antibodies was
raised significantly compared to the antibody concentrations
used for paraffin or cryosections. However, for other
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Figure 2 | Immunoperoxidase labeling. (a, c–h) Labeling for AQP-1,
AQP-2, NCC, and E11 on Epon-embedded sections and (b) on paraffin
sections. (a) AQP-1 is labeled in the renal cortex at both the brush border
and the apical and basolateral plasma membrane (inset) of proximal
tubules, erythrocyte membrane, and lymphatic vessels (arrows). The
arrowhead points at the weaker labeling of the initial proximal tubule cells
constituting part of the parietal epithelium of Bowman’s capsule. (b) The
pattern and intensity of the labeling are similar to those seen on the
paraffin section. (c) Labeling of cortical lymphatic vessels for AQP-1.
Lymphatics, ly; artery, art; vein, ve. (d) The micrograph shows several
tubule epithelial transitions from the proximal tubules to the descending
thin limbs. Some of the transitions show continuous labeling from
proximal tubules to the descending thin limbs (large arrows), whereas
some of the transitions show discontinuous labeling from labeled proximal
tubules to unlabeled descending thin limbs (small arrows). In addition to
these transitional tubules, the thin walled and labeled structures are either
the descending vasa recta in the vascular bundle (VB, center of a vascular
bundle) or descending thin limbs of long Henle’s loops (D) in the inter-
bundle region. The ascending vasa recta with the labeled erythrocytes in
the lumen are not labeled. Labeling for AQP-1 of epithelial cells and
endothelial cells are at both the apical and the basal plasma membrane.
See the text in Discussion for tubule identification. (e) Apical and basal
labeling for AQP-1 of descending vasa recta in the inner stripe of the outer
medulla of mouse kidney. (f) The labeling for AQP-2 in the renal cortex is
located at the apical membrane of principal cells in a cortical collecting
duct. The unlabeled cell in the wall is an intercalated cell with its apical part
protruding into the lumen. (g) The labeling for NCC in the renal cortex is
seen at the apical membrane of distal convoluted tubule cells. The
unlabeled cell (arrow) is either a connecting tubule cell or an intercalated
cell in the late part of the distal convoluted tubule. (h) The labeling for
V-ATPase in the renal cortex is located at the apical plasma membrane
and apical vacuoles of an intercalated cell corresponding to a type A or
type non-A-non-B intercalated cell. It is not possible to define if the tubule
is a connecting tubule or a cortical collecting duct. Original magnifications:
(e)  20; (a–d, f, and g)  40; (h and the inset)  100.
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Figure 3 | Immunofluorescence labeling. Labeling in mouse
renal cortex for (a) megalin, (b) cubilin, (c) AQP-1, and (d) AQP-2 on
Epon-embedded sections and double labeling for (e) AQP-1 and (f)
lymphatic vessels on a paraffin section. The labeling for (a) megalin
and (b) cubilin is mainly located at the base of the brush border of
the proximal tubules and also in the initial part of the proximal tubule
cells constituting part of the parietal epithelium of Bowman’s capsule
(arrows). (c) The labeling for AQP-1 is located at the brush border and
the basolateral plasma membrane of proximal tubules. (d) The
labeling for AQP-2 is found at the apical membrane of principal cells,
and some of the unlabeled cells are probably intercalated cells
protruding into the lumen. The double labeling confirms that the
cortical lymphatic vessels express AQP-1 (green) in panel (e), labeling
for LYVE-1 (red) in panel (f). Original magnification  40.
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antibodies as, for example, anti-AQP-1 and anti-AQP-2, the
concentrations were nearly the same as for conventional
immunohistochemistry. We also tested for non-membrane
proteins, like ligands known to be reabsorbed in proximal
tubules such as retinol binding protein, vitamin D3 binding
protein, and albumin. The reactivity for these proteins was
much lower although still visible. An explanation for this
difference might be that antigenicity is better preserved for
proteins that are embedded in the lipid bi-layer of the cellular
membranes.
In addition, an inhomogeneous labeling intensity was
observed along proximal tubules for megalin, cubilin, and
AQP-1. In general, a weaker labeling for AQP-1 was observed
in the initial parts of the proximal tubules as also suggested
previously for rat.10 Whether these observations are con-
sistent with the segmentations defined by morphology for rat
proximal tubules11 have not yet been investigated. However,
in a previous study on C57/BL/6J mice,12 we did not find a
similar segmentation with respect to some of the parameters
used for the definition of rat proximal tubular segmentation,
such as brush-border height, luminal diameter, volume
density of mitochondria, and so on. The absence of a
structural segmentation for mice does not necessarily
indicate a lack of a tubular segmentation with respect to
membrane transporters and enzymes. At present, we are
using the methodological approach introduced in the present
paper on the material derived from our three-dimensional
reconstruction study of mouse nephrons13 to characterize
further the inhomogeneous labeling with a potential tubular
segmentation.
The labeling for AQP-1 in the inner stripe of the outer
medulla is partially consistent with the previous observations
that AQP-1 was expressed in descending thin limbs (DTLs) of
both short and long Henle’s loops and in descending vasa
recta.14 We have performed a study based on a large number
of previously reconstructed mouse nephrons, in which we
identified these thin-walled tubules labeled for AQP-1 as
either descending vasa recta in the vascular bundles (Figure
2d and e) or descending thin limbs of long Henle’s loops in
the regions between the vascular bundles (Figure 2d). In
contrast, the majority of the descending thin limbs of short
Henle’s loops are unlabeled (submitted manuscript).
MATERIALS AND METHODS
Animals
Eight-week-old male C57/BL/6J mice, weighing 25 g, and 2–3-
months-old male Wistar rats, weighing 180–250 g were used in the
study. The animal experiments were performed in accordance with
the provisions for the animal care license provided by the Danish
National Animal Experiments Inspectorate.
Antibodies
Polyclonal sheep anti-rat megalin15 and rabbit anti-rat cubilin16
were kindly provided by Dr Pierre Verroust (INSERM 558, Paris).
Rabbit anti-rat AQP-1 (AB3065) and AQP-2 (A7310) were
purchased from Chemicon Int. (Millipore, Billerica, MA, USA)
and Sigma (Brømdby, Denmark), respectively. Mouse monoclonal
antibody E11 to the 31-kDa subunit of the vacuolar Hþ -ATPase was
kindly provided by Dr Steven Gluck (San Francisco, CA, USA),
rabbit anti-rat NCC antibodies were kindly provided by Dr Mark
Knepper (NIH), and goat anti-mouse lymphatic vessel endothelial
hyoluronan receptor-1 (AF2125) (anti-LYVE-1) was purchased
from R&D systems (Minneapolis, MN, USA). Rabbit antiserum,
rabbit anti-sheep immunoglobulin-horseradish peroxidase
(P163), goat anti-mouse immunoglobulin-horseradish peroxidase
(P447), and goat anti-rabbit immunoglobulin-horseradish peroxi-
dase (P448) were purchased from DAKO (Glostrup, Denmark).
Fluorescent secondary antibodies, donkey anti-sheep immuno-
globulin (A11015), goat anti-rabbit immunoglobulin (A11034),
and donkey anti-goat (A11057) were purchased from Molecular
Probes (Eugene, OR, USA).
Tissue preparation
The tissue preparation of the mouse kidneys has previously been
described in details.12 Briefly, the mouse and rat kidneys were fixed
by perfusion through the abdominal aorta with 1% glutaraldehyde
in 0.06 M sodium cacodylate buffer, pH 7.4 (adjusted to 300 mosM
with sucrose), with or without 4% hydroxyethyl starch (HAES;
MEDA, Copenhagen, Denmark). The tissue blocks were fixed
overnight in the same fixative, post-fixed for 1 h in 1% OsO4 in 0.1 M
sodium cacodylate buffer, e´n bloc stained with uranyl acetate,
dehydrated in ethanol, and embedded in flat molds in Epon 812
(TAAB, Aldermasteon, Berks, UK). One micrometer thick or 0.5-
mm-thick sections were obtained from the mouse kidney blocks by
an FCS Reichert Ultracut S ultramicrotome. In further experiments,
2.5-mm-thick serial sections were obtained from the mouse tissue
blocks. These 2.5-mm-thick section have previously been used for a
three-dimensional reconstruction and mapping of the spatial
structure of the kidney nephrons.12,13 One micrometer thick
sections of these mouse kidneys were generated by re-embedding
and cutting the 2.5-mm-thick sections, and then mounted onto
coated glass slides (SuperFrostsPlus, Menzel, Braunschweig,
Germany) for immunohistochemistry. One micrometer thick
sections of the rat kidneys were obtained from osmicated and
non-osmicated epoxy kidney blocks and were prepared similar to
the mouse kidneys.
As controls, 2-mm-thick paraffin sections of mouse and
rat kidney tissue were obtained from conventional histological
preparations.
Pretreatment of the epoxy sections
Etching epoxy sections. To remove the epoxy resin, the
semithin sections were treated in Maxwell solution for 6 min at
room temperature.2 The Maxwell solution was made by resolving 20
single pellets of KOH in 10 ml absolute methanol and 5 ml
propylene oxide. Then, the sections were successively submerged
in absolute methanol for 5 min, twice in 96% ethanol for 5 min each,
in absolute methanol with 1% H2O2 for 30 min (to block the
endogenous peroxidase activity), and briefly in 96 and 70% ethanol.
After this, the sections were rinsed 3–4 times in distilled water or
Milli-Q water.
Retrieving antigens. The target antigens were retrieved by
microwaving the etched sections in TEG buffer (10 mM Tris, 0.5 mM
ethylene glycol bis(a-aminoethylether)-N,N,N0,N0,-tetraacetic acid,
and pH 9) initially at 800 W for 3 min, to initiate boiling of the
solution, and then for 7 min at 400 W, where the solution continued
to boil. The sections were left to cool down for 30 min at room
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temperature before they were treated with 50 mM NH4Cl in
phosphate-buffered saline (pH 7.4) for 30 min. Sections for
immunofluorescence labeling were treated three times for 4 min
with 0.05% sodium borohydride to quench the autofluorescence of
the glutaraldehyde used for the fixation.17
Immunohistochemistry
The sections were preincubated for three times for 10 min in
phosphate-buffered saline (pH 7.4), 1% bovine serum albumin,
0.05% saponin, and 0.05 M glycine, and subsequently incubated
overnight at 41C with either sheep anti-rat megalin IgG (1:1000),
rabbit anti-rat cubilin IgG (1:100), rabbit anti-rat AQP-1 (1:400),
rabbit anti-rat AQP-2 (1:200), mouse anti-Hþ -ATPase (1:5), rabbit
anti-NCC (1:800), or goat anti-LYVE (1:100). After washing the
sections three times in phosphate-buffered saline (0.1% bovine
serum albumin, 0.05% saponine, and 0.2% gelatine, pH 7.4), they
were incubated for 1 h at room temperature either with horseradish
peroxidase-conjugated rabbit anti-sheep IgG, goat anti-rabbit IgG,
or goat anti-mouse IgG, diluted 1:200 for immunoperoxidase
staining, or with fluorescence (488)-conjugated donkey anti-sheep
IgG, (488) goat anti-rabbit IgG, or (568) donkey anti-goat IgG
diluted 1:300 for immunofluorescence staining. The reaction for
immunoperoxidase was visualized with diaminobenzidine. There-
after, the sections were counterstained for 6 min with Mayer’s
haematoxylin, washed for 10–20 min in running water, dehydrated
in graded ethanol, soaked in xylene, and mounted with Eukitt
(Kindler, Freiburg, Germany). The sections for fluorescent staining
were rinsed in phosphate-buffered saline and distilled water, and
mounted with hydrophilic mounting media containing an anti-
fading reagent (S3023, DAKO).
The sections were examined in a Leica DMR microscope
equipped with a Leica DFC320 camera. Images were transferred
by use of the Leica TFC 6.1.0 TWAIN plug-in and processed using
Adobe Photoshop 8.0.
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